The initial rate of (2-`4C)acetic acid (AA) uptake by corn roots was used for probing the dependency of the root cell surface pH on Ho excretion. AA influx was linearly related to AA concentration, dependent on the concentration of the undissociated form (AH, unaffected by variations of the membrane potential, and was thus assumed to result mainly from the free diffusion of AH across the membrane. Various treatments (vanadate, dicyclohexylcarbodiimide, hypoxia, nitrate, root ageing, fusicoccin) were used to vary H' flux while the medium pH was maintained constant. There was a positive relation between AA influx and the net H' efflux. This relation disappeared when the proton buffering strength of the absorption medium was increased. These results indicate that the pH at the membrane surface was lowered by Ho excretion, even in situations where the bulk (pH) was unaffected. The depressive effect of vanadate on AA influx was counteracted by acidifying the medium in order to estimate this pH shift: -1.2 pH units in 12.5 millimolar K2SO4 (pH 6.8). Substituting AA by butyric acid showed that this estimation was not dependent of the probe used.
H+ ions are involved in several important physiological functions at the level of the plant cell surface. Transport of amino acids, sugars (17) , auxin (3) , and inorganic ions (13) , and cell wall extension during growth (22) are thought to depend on the external pH. Its value is likely to be determined by active and passive membrane H+ transports when the volume and the buffering capacity of the external medium are limited, such as in aerial parts, or even in roots in soil (9) . Most of the experimental data concerning the effects of external pH on transport have been obtained with plant material placed in virtually infinite H+ sinks, such as well stirred liquid solutions maintained at constant pH, and they are classically analyzed with respect to the bulk pH.
Some features of weak acid transport kinetics have been ascribed to H+ accumulation at the cell surface by electrostatic interactions (20) . When compared with the corresponding titration curves, the influx curves often appear to be shifted towards higher pH values. Rubery and Sheldrake (20) have suggested that it was because of the negative electrostatic potential at the cell surface, which lowers the pH in the aqueous phase adjacent to the membrane and increases the local concentration of the undissociated form of the weak acid, the result being a shift of the uptake curve towards higher pH values. However, this argument is incorrect: as discussed by Raven (15) and Goldsmith (3) , ' Supported by Centre National de la Recherche Scientifique, RCP 726.
H+ accumulation by the electric field is necessarily accompanied by A-exclusion, in the same proportion, so that AH2 concentration remains unaffected.
The hypothesis of a surface pH driven out of equilibrium by active H+ extrusion has been put forward to explain kinetic and thermodynamic characteristics of NO3-and H2PO4 transport (21, 23. 25) . Of course, for net H+ efflux to occur, the pH at the cell surface must be lower than that of the bulk. However, the pH shift may not be easily evaluated (14) , because the resistance offered to H+ diffusion by apoplast has never been estimated. It is worthwhile to determine whether the cell surface pH is in quasi-equilibrium with the bulk one, or is strongly driven out of equilibrium by membrane H+ transport. Only in the second situation may H+ accumulation increase the H+ electrochemical potential gradient, which is the driving force of H+-co-transport. We have studied the effects of the active H+ extrusion on the surface pH of corn root cells by using [2- The pH of the labeled incubation medium was maintained constant either with buffers, or with a pH-stat system (Metrohm).
In the latter case, the pH electrode and the titrating solution delivery tube were adapted to holes pierced through the rubber cap of the flask. A double junction pH electrode was used, in order to avoid medium contamination by KCI (Orion 8166 SC). The titrating solutions were 1 mm KOH (replaced by Ca(OH)2 when K+ was not to be introduced in the absorption solution), or 0.5 mM H2SO4. The net H+ exchange rate was calculated from 2Abbreviations: AH, undissociated form of a weak acid; AA, acetic acid; BA, n-butyric acid; PD, potential difference; DCCD, dicyclohexylcarbodiimide; FC, fusicoccin; JH+, net H+ transport.
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the recorded automatic delivery of these solutions necessary to maintain the medium pH at the desired value ± 0.03 pH unit.
In some experiments, JH+ was not measured simultaneously with AA influx, in particular, when the [2-'4C]AA incorporation medium was buffered. In this case, 100 ml (for 2 g fresh weight)
of the same but unbuffered and unlabeled solution were placed in a Buchner funnel with a porous fritted glass plate, and vigorously stirred with CO2 free air forced through the plate. The pH was automatically controlled as above.
Tracer incorporation time was set in the range 10 to 20 min, according to the pH of the incubation solution (see "Preliminary Experiments"). At the end of the desired incorporation period, root samples were rinsed with flowing ice-cold 2 mM CaSO4 for 2 min and extracted with a tissue solubilizer (6 ml of Soluene 350, Packard, for 0.4 g fresh weight during 3 d at 25C). An aliquot of the extract (about 0.6 ml) was weighed; 15 ml scintillator cocktail (5 g PPO and 0.1 g POPOP/L toluene) were added.
Incubation medium and ethanolamine solutions were sampled and prepared for liquid scintillation counting with Instagel (Packard). The amounts of '4C extracted by Soluene and trapped in ethanolamine were added and the sum was divided by the specific radioactivity of the incorporation solution to obtain an estimation of the weak acid influx (see "Preliminary Experiments").
Mean values are given with their 95% confidence limits when more than 3 independent measurements were performed.
Membrane Potential. Membrane PD was measured by inserting a glass micropipet in a cell of one of the three outer layers of cortical cells as described elsewhere (23 andof "'CO2 released by roots accounted for about 40% of AA uptake. From these values, which do not take into account AA incorporation in molecules extractable by HCI, AA metabolization may be looked at as a sink, lowering AA concentration in the cytosol. In another experiment performed at pH 4.0, the ratio of the root FW to the volume of incubation solution was increased, so that the decrease of radioactivity in the incubation medium could be measured. The sum of the amounts of '4C measured in Soluene extracts and in ethanolamine solutions accounted for 98 ± 5% of the radioactivity decrease in the incubation solution. Thus, it appeared that the losses were negligible during root rinsing and blotting at the end of the incorporation period. From these results, it was considered that the sum of the amounts of 1"C extracted by Soluene and trapped in ethanolamine was a good estimate of the uptake.
The dependency of AA uptake on incubation duration was studied at various pHs, between pH 3.3 and 7.4, in the absence or in the presence of vanadate. The data were fitted by linear regression (Fig. 1) . The correlation coefficients were all higher than 0.995 and the regression lines crossed the Y axis close to the origin, or slightly above the origin (experiments performed at pH 4.0 and 3.3). In order to measure the initial rate of the uptake, incorporation times were chosen between 10 min (low pH) and 20 min (high pH) in subsequent experiments. It was verified that a pretreatment for 30 min at pH 3.3 did not modify the value of JH+ measured at pH 6.0 in the usual medium. Thus, the treatment at pH 3.3 did not seem to cause permanent damage to the plasma membrane.
The relation between AA concentration and AA uptake rate was investigated in the 5 gM to 1 mM concentration range, at pH 6.0. As shown in Figure 2 , the influx was proportional to the concentration (correlation coefficient: 0.999).
For studying the effects of AA on net proton transport and on Figure 1 . The data were fitted by linear regression (r > 0.999).
balch equation (pK of AA: 4.75). AA influx appeared to be roughly proportional to AH concentration (Fig. 3, inset) . Vanadate decreased both AA uptake rate (Fig. 3) and JH+ (Fig.  4) over the whole pH range studied. The depressive effect on AA influx was proportionally more important at high pH than at low pH (the inhibition was 60% at pH 7.3, and less than 10% at pH 3.3). In another experiment performed at pH 3.3, AA influx was 1003 ± 82 nmol/h-'-g-' fresh weight in the absence of vanadate and 970 ± 94 nmol/h-' *g-' fresh weight in the presence of this inhibitor (six replicates, data not shown); the difference was within the range of the experimental variability.
Correlation of AA Influx with H+ Transport. As did vanadate, anoxia and DCCD inhibited both H+ excretion and AA influx; on the other hand, FC increased both JH+ and AA influx (Table  II) . Neither DCCD nor FC significantly modified the 14CO2 release, suggesting that these treatments did not influence AA uptake by modifying the rate ofAA metabolism. This conclusion was strengthened by the fact that similar AA influx (and similar JH+) were observed with anoxia and DCCD, in spite of large difference in '4CO2 release rate.
In another experiment, JH+ was modified by ageing root segments in the usual medium (pH 6.0). Antibiotics were added in order to prevent microbial development during the ageing period:
L-l nystatin (2) . JH+ and AA influx were periodically measured in the same medium, complemented with (2-'4C)AA, in which vanadate was added or not. The measures obtained in the presence of vanadate were unaffected by the length of ageing. But when measured in the absence of vanadate, JH+ and AA influx both decreased with time during root ageing (Fig. 5) (Table III) .
Counteracting the Inhibitory Effect of Vanadate on Weak Acid Influx by Acidification of the Absorption Medium. BA and AA influxes were measured in the usual medium buffered at pH 6.0 with 2 mm Mes-Tris, and complemented with BA, i.e. 50 ,uM AA and 50 uM BA simultaneously present, but only one of both being labeled in each run. BA influx was 280 ± 15 nmol/h-'. g' fresh weight in the absence of vanadate, and 217 ± 4 nmol/ h-*g-' fresh weight in the presence of this inhibitor. AA influx was 148 ± 5 nmol/h-'-g-' fresh weight (no vanadate), and 110 ± 6 nmol/h-'.g-' fresh weight (vanadate). Thus, the inhibition was similar for both acids.
AA and BA influxes were measured as above, except that the Figure 1 . incorporation media were unbuffered. In a first step, the measurements were performed in the absence of vanadate, at pH 6.8. In a second step, vanadate was introduced in the incorporation medium, the pH of which was lowered, until the values of AA and BA influxes measured in these conditions were similar to those observed before (vanadate absent, pH 6.8). With both weak acids, these influx equalities were observed in the pH range 5.6 to 5.8 (Fig. 6 ).
DISCUSSION
Validity of AA Infux as a Probe of the pH at the Cell Surface. The high rate of AA metabolization and the linear relationship between AA uptake and the incubation time (preliminary experiments) suggested that AA concentration in the cytosol and AA back efflux remained low. Thus, the AA influx measurements may be looked at as giving good estimates of the unidirectional influx. AA uptake was linearly related to AA concentration and no saturable mechanism appeared to be involved in the 5 ,lM to 1 mm range (Fig. 2) . Thus, if AA influx were carrier-mediated, the Km of the transport system was in the millimolar concentration range or above. Whatever the mechanism of AA transport, it is reasonable to assume that the uptake was limited by AA availability. When AA concentration was fixed and pH was varied, the rough proportionality between the uptake rate and AH concentration (Fig. 3, inset) supports the hypothesis that AH free diffusion across the plasmalemma is the primary mechanism (8, 19) . At pH 6.0, AA influx appeared to be unaffected by large variations of membrane PD (Table I) , which suggests that diffusion of the anionic form across the membrane was not significantly involved. These inferences are consistent with the available data on AA (and BA) diffusion across artificial and biological (animal) membranes (28) . In conclusion, AA influx seems to be controlled by the availability of AH, and thus may be used to probe the pH at the cell surface.
Dependency of the pH at the Cell Surface on Net H' Transport. AA uptake was modulated by H+ secretion: when net H+ transport was stimulated (with FC), AA uptake was favored (Table II) ; on the other hand, AA influx was depressed whenever H+ secretion was reduced (by root ageing, adding N03-, DCCD, or vanadate in the absorption medium or using hypoxia) (Tables  I and II; Figs. 3 and 5) . A modification of the medium pH due to H+ pumping was not involved since the pH was held constant (±0.03 pH unit). The treatments used to vary JH+ could affect AA influx via modifications ofAA metabolization rate. However, the results of "'CO2 release (Table II) do not support this hypothesis, as indicated above. A stimulation of weak acid uptake by corn roots in response to a K+-and FC-induced acceleration of H+ extrusion has been observed by Marre et al. (8) . The stimulation was assumed to result from an alkalinization ofthe cytosol. Variations of the cytosolic pH are likely to occur in our experiments. However, Ca(NO3)2 uptake decreased AA influx (Table  I) but is not expected to acidify the cytosol (18) . Indeed, an alkalinization (or acidification) of the cytosol is expected to increase (or decrease) the accumulation of a weak acid after a long uptake period, when a quasi-equilibrium is reached (8) , but may not affect the initial rate of the uptake: the unidirectional AH influx may not be directly dependent on the cytosolic pH.
The depressive effect of vanadate on AA influx was dependent on the rate of H+ transport: the higher the rate of H+ transport, the more pronounced the depressive effect (Fig. 5) . This effect was greater at high than at low pH (Fig. 3) , and it could be counteracted by acidifying the medium (Fig. 6 ). This suggests that AA influx was indirectly dependent on proton pump activity, via its effect on the apoplastic pH. Adding a proton buffer in the absorption medium decreased AA uptake, except when vanadate was present (Table III) . Thus, the depressive effect of the buffer on AA influx was not direct, but depended on H+ extrusion. Furthermore, since Mes and Tris may be looked at as relatively impermeant, these results confirm that the locus of the interactions between JH+ and AA influx was the free space and not an endocellular compartment. They corroborate the above conclusion on the relation between AA influx, apoplastic pH, and H+ extrusion.
From this whole set of observations, it was concluded that the pH of the aqueous layer adjacent to the plasmalemma was dependent on the rate of H+ secretion by the proton pump. The pH at the membrane surface is shifted by H+ secretion down to a value lower than that which would be expected, at equilibrium, from just the electrostatic interactions between the bulk solution oIe 2 k 1370 Plant Physiol. Vol. 84, 1987 Figure   1 . and the surface potential. This hypothesis implies that H+ diffusion through the aqueous layer adjacent to the plasmalemma, towards the bulk, is rate limiting. The inhibition of AA uptake by the proton buffer (Fig. 6 ) may be easily explained within the framework of the above hypothesis: this inhibition would arise from the dissipation of the H+ gradient between the membrane surface and the bulk phase by outwards and inwards diffusion of the buffer protonated and unprotonated species. Such a bufferinduced H+ dissipation has already been proposed (14) to explain the mechanism by which buffers inhibit the uptake of a weak acid (HCO3 ) by Chara corallina.
Estimation of the Surface pH Shift Induced by H+ Extrusion. The concentration of AA at the membrane surface is probably different from the bulk one, because of diffusion gradients in the unstirred layers (5, 28) . Furthermore, it depends on the rate of AA influx (5, 28) . This precludes any direct computation of the pH shift induced by JH+, from Henderson-Hasselbalch relation and the values of AA influx in the presence and in the absence of a proton pump inhibitor. An estimate of the shift may be obtained by counteracting the depressive effect of vanadate on AA influx by artificial acidification of the bulk solution (Fig. 6) . AA influx being restored to the initial value, the concentration gradients through the unstirred layer are expected to be the same in the two situations. When measured in the same conditions, BA influx is larger than AA influx (Fig. 6) , probably because BA is more lipid-soluble than AA (28) . Despite this difference, the estimates of the pH shift obtained by using either AA or BA were quite similar; this similarity strengthens the reliability of the estimation procedure. Furthermore, since the AA concentration used was low, AA influx was weak as compared to JH+, and JH+ was not affected by AA (see preliminary experiments). This indicates that AA per se did not significantly dissipate the H+ gradient and that the estimation procedure did not alter the magnitude of the pH shift.
From the data plotted in Figure 6 , the shift may be estimated at 1.2 pH units when the bulk pH is 6.8. This corresponds to more than a 50% increase of the H+ electrochemical potential gradient across the cell membrane (calculated from the value of membrane PD given in Table I (-81 mV) and assuming that cytosolic pH is 7.4 [16] ).
Of course, the above estimation of the surface pH shift must be looked at as a mean value, averaging all the longitudinal heterogeneities occurring at the root exchange surface (10, 1). This drawback may be overcome by using shorter root segments. Another problem is the possibility of radial heterogeneities in the root cortex. Since discrepancies between weak acid uptake and AH dissociation curves have been observed with isolated cells (20 and references therein), it seems that the unstirred layers at the cell surface are sufficient for limiting H+ diffusion. In the case of roots and other complex organs, the diffusion barrier would include the apoplastic continuum of the inner cell layers in addition to the unstirred layers at the epidermal surface. Various observations indicate that mature inner cortical root cells are little involved in ion uptake. Such a behavior could arise from kinetic limitations due to competition between uptake by epidermal cells and diffusion in the inner apoplast (4, 12) , or from intrinsic properties of mature inner cortical cells (1, 6, 26, 27) . Ifthe inner cortical cells have the capacity for extruding H+, kinetic restrictions to H+ radial diffusion could strongly decrease the apoplastic pH. This would depress K+ absorption, which is pH-sensitive (7, 24) .
Conclusion. Our results indicate that the proton pump increases H+ concentration at the root cell surface, probably because H+ diffusion towards the bulk medium is rate limiting. The pH shift resulting from H+ excretion increases the H+ electrochemical potential across the cell membrane. Thus, the H+-driven cotransports across the plasmalemma could be directly affected by the activity of the proton pump.
